Despite previous research on fen carbon cycling in the western United States (e.g., West et al., 1999; Wickland et al., 2001; Cooper, 2002, 2003) , little is known about recent rates (past 50 to 100 years) of carbon accumulation in these systems. Such estimates are important to assess the potential for using fen restoration to reduce carbon pollution. In this paper, we provide estimates of recent rates of carbon accumulation in three fens in Yosemite National Park, located in central California, U.S.A. In addition, we compare our results to the greater literature in order to better understand how our Yosemite sites fit into the broader picture of recent carbon accumulation in fens.
Methods

STUDY AREA
Yosemite National Park covers an area of 3026 km 2 and is located in central California in the Sierra Nevada range (Fig. 1) . The entire Sierra Nevada contains an estimated 17,000 meadows, which cover an area of approximately 77,660 ha (Fryjoff-Hung and Viers, 2012) . The park was established in 1890 and spans elevations ranging from about 600 to 4000 m with over 95% designated as wilderness (National Park Service, 2014) . Climate in the park is Mediterranean with warm, dry summers and cold, moist winters. Precipitation falls mainly as snow and occurs mostly between October and March. The fens included in this study all receive steady groundwater flows via springs or seeps and are situated at elevations ranging from upper montane forest, which begins at ~1800 m to subalpine forest, which begins at ~2450 m. Study sites include Drosera Fen (DF, 5.03 ha, 2080 m in elevation above mean sea level [MSL] ), Mono Meadow North (MMN, 3.4 ha, 2134 m MSL), and Porcupine Fen (PF, 0.98 ha, 2500 m MSL) (Fig. 1) . The annual mean minimum temperature at MMN, which is the mid-elevation site, was 4.97 °C, mean maximum temperature was 17.77 °C, and mean annual precipitation was Pb activities for dating purposes. Organic carbon densities ranged from 0.026 to 0.065 g C cm -3 . Mean vertical accretion rates estimated using 210 Pb over the 50-year period from ~1960 to 2011 and the 100-year period from ~1910 to 2011 were 0.28 (standard deviation = ±0.09) and 0.18 (±-0.04) cm yr -1 , respectively. Mean carbon accumulation rates over the 50-and 100-year periods were 95.4 (±25.4) and 74.7 (±17.2) g C m -2 yr -1 , respectively. Such rates are similar to recent rates of carbon accumulation in rich fens in western Canada, but more studies are needed to definitively establish both the similarities and differences in peat formation between boreal and temperate montane fens.
L., Mimulus primuloides Benth.), graminoids (e.g., Carex vesicaria L., Carex echinata Murray ssp. echinata) and bryophytes (Philonotis tomentella Molendo in Lorentz, and Sphagnum subsecundum Nees in Sturm are most common), with no species having greater than 10% cover (all plant community composition data from National Park Service, unpublished data; all nomenclature follows Baldwin et al., 2012, for vascular plants and Wilson, 2013, for bryophytes 
PEAT CORING
Three cores ~50 cm deep were collected in each of the three fen sites in October of 2011. Cores were collected with a Hargis piston corer (Hargis and Twilley, 1994) , which minimizes compaction of the peat profile. After collection, cores were sealed airtight at both ends within their acrylic collection tubes, laid horizontally on ice for transport, and stored under refrigeration at the U.S. Geological Survey laboratories in Sacramento, California, U.S.A., until processing.
LABORATORY ANALYSES
All peat cores were processed within 6 weeks of collection. Cores were cut into 2 cm sections, weighed wet, and dried at 80 106.5 cm between 1971 and 2000 (Western Regional Climate Center, 2014). The freeze-free period at Yosemite National Park Headquarters, which is at an elevation of 1200 m, ranges from 130 to 222 days (mean = 176 days, National Oceanic and Atmospheric Administration, 2014). Because the fens are all situated at least 800 m higher than this, the actual freeze-free period at the sites is likely shorter.
The flora of Yosemite fens is highly diverse. Drosera Fen contains a diverse assemblage of forbs/herbs (e.g., Drosera rotundifolia or soil surface to account for temporal variations in accumulation rates. The method determines a mass accumulation rate (MAR) for each core interval by mass balance (in units of g cm -2 yr -1 ) and depends on measurement of the entire core profile of unsupported 210 Pb. The CRS has been successfully applied to fens and bogs in numerous studies (Turetsky et al., 2004; Bauer et al., 2009) .
Uncertainty in CRS dates was estimated following the approach outlined in Van Metre and Fuller (2009) to determine the age range that can be dated reliably. The uncertainty in CRS dates °C until reaching a constant dry weight. Dry bulk density was determined using the dry weight of each section of soil and the volume of the core section. Samples were then ground to pass through a 2 mm sieve. Total % carbon and % organic carbon were determined using a Perkin Elmer CHNS/O elemental analyzer (Perkin Elmer Corporation, Waltham, Massachusetts, U.S.A.) according to a modified version of U.S. Environmental Protection Agency Method 440.0 (Zimmerman et al., 2007) . For % organic carbon analyses, samples were first exposed to concentrated hydrochloric acid (HCl) fumes in a desiccator for 24 h to remove inorganic carbon. The instrument was calibrated with blanks and acetanilide standards before use. Blanks, replicates, and standards were analyzed every 10 samples to assess instrument stability. Replicate samples were re-analyzed if the relative percentage difference between the two replicates was greater than 20%. Method detection limit for carbon was 0.01%.
Subsections of all the cores were analyzed at the U.S. Geological Survey in Menlo Park, California, for 137 Cs, 210 Pb, and 226 Ra to assign dates to core profiles. Activities of total 210 Pb, 226 Ra, and 137 Cs were measured simultaneously by gamma spectrometry as described in Baskaran and Naidu (1995) , Fuller et al. (1999) , and Van Metre et al. (2004) . Subsamples of dried sediment samples were counted using a high-resolution intrinsic germanium well detector gamma spectrometer. Samples were placed in the detector borehole or well which provides near 4π counting geometry. Sediment samples were sealed in 7 mL polyethylene scintillation vials. The supported 210 Pb activity, defined by the 226 Ra activity, was determined on each interval from the 352 keV and 609 keV gamma emission lines of the short-lived daughters 214 Pb and 214 Bi daughters of 226 Ra, respectively. Self-absorption of the 210 Pb 46 keV gamma emission line was accounted for using an attenuation factor calculated from an empirical relationship between self-absorption and bulk density developed for this geometry based on the method of Cutshall et al. (1983) . Additional information regarding standards, random counting errors, and quality assurance/quality control can be found in Drexler et al. (2013b) .
Dating by 210 Pb and 137 Cs has long been used for lake sediments and wetland soils (Armentano and Woodwell, 1975; Lynch et al., 1989; Appleby et al., 1997) . The isotope 137 Cs, which does not occur naturally, is deposited on the land surface as fallout from nuclear weapons testing and power plant accidents. A maximum or peak in 137 Cs activity corresponding to 1963 can usually be clearly identified in a soil profile. However, in this study, subsurface maxima in 137 Cs formed broad peaks, were found at variable depths within a site, and, in some profiles, occurred near the peat surface. Such results indicate mobility of 137 Cs in the substrate, negating its usefulness as a dating tool. For this reason, we used solely 210 Pb dating in this study. 210 Pb is a natural isotope of Pb with a half-life of 22.3 years. The total 210 Pb pool in soil consists of two parts: (1) a supported 210 Pb component produced within the soil via radioactive decay of 222 Rn that never diffused to the atmosphere and (2) an unsupported or excess 210 Pb component derived from 222 Rn that first diffused from continental air masses into the atmosphere and then decayed to 210 Pb and deposited on the land surface.
The age-depth relationship in all cores was estimated using the constant rate of supply (CRS) model (Appleby and Oldfield, 1978; Robbins, 1978; Appleby and Oldfield, 1983) , and uncertainty analysis of age was conducted following Van Metre and Fuller (2009 Pb activity increases with depth and age as the total 210 Pb approaches the supported activity. As a result, the uncertainty in CRS model dates increases downward from the surface ultimately to a point where the error in the estimated age is greater than the difference in age between adjacent intervals (Turetsky et al., 2004; MacKenzie et al., 2011) . We consider dates of intervals that exceed this level of uncertainty as unreliable and limit dating to intervals with younger ages, typically less than 100 years, which is consistent with other studies (Bricker-Urso et al., 1989; Thomas and Ridd, 2004; Van Metre and Fuller, 2009; MacKenzie et al., 2011) .
The age-depth profiles in conjunction with % organic carbon, bulk density, and section thickness were used to estimate fen vertical accretion and carbon accumulation rates. Vertical accretion rates for each section were determined by dividing the thickness of each section by the age interval of the section (age top -age bottom). Carbon sequestration rates for each section were determined by multiplying the % organic carbon content by the bulk density and dividing by the age interval of the section. Because vertical accretion and carbon accumulation rates were specifically deter- Organic carbon density ([bulk density] × [% organic carbon content]) spanned a full order of magnitude from 0.008 to 0.08 g C m -3 at all three sites (Fig. 4) . Values generally increased with depth, but all sites had considerable variability. A single factor ANOVA comparing organic carbon density across sites using core means showed a significant difference between sites (p = 0.007). Post hoc, pairwise comparisons revealed that the highest elevation site (PF) had a significantly higher organic carbon density than the lowest elevation site (DF) (p = 0.007).
Mean vertical accretion and carbon accumulation rates were determined for all cores that could be dated over the past ~50 (ca. 1960-2011) and ~100 years (ca. 1910-2011) (Table 2) . For all sites, mean vertical accretion rates during the 50-and 100-year periods were 0.28 cm yr -1 and 0.18 cm yr -1 , respectively. Mean carbon accumulation rates for all sites during the 50-and 100-year period were 95 g C m -2 yr -1 and 75 g C m -2 yr -1 , respectively. Over the past 100 years, the vertical accretion rates, but not the carbon accumulation rates, had a strong linear relationship with fen elevation (Figs. 5 and 6).
Discussion
Several important observations can be made about how Yosemite peats compare to peat in other fen systems. The bulk density of Yosemite peats (range of core means in the top 30 cm = 0.060 to 0.179 g cm -3 ) is quite similar to the range of values reported in Yu (2006) for fens in subalpine, montane forests, and boreal forests of Alberta, Canada (Table 3) , even though the values from the Alberta fens are for the entire peat mass. In contrast, Adkinson et al. (2011) and Vitt et al. (2009) found substantially lower values in fens in northern and central Alberta, Canada (Table 3 ). The relatively high mean bulk density and overall variability with depth in the Yosemite peats (Fig. 2) likely stem from incorporation of inorganic sediment from the surrounding montane landscape into the peat (Cooper et al., 2012) .
The % organic carbon content of Yosemite peats (mean C content in the top 30 cm = 37.6%; Table 1) is lower than the 50% or higher values for the top 1 m of peat cited in a review of northern and subarctic boreal peatlands by Yu (2012) . The range of mean values for % organic content in the Yosemite cores (33.6% to 43.6%) fits well within the range found by Cooper and Wolf (2006) for Sierra Nevada fens and is higher than that of Rocky Mountain mined for each core section, we calculated time-weighted arithmetic means of these parameters (Drexler et al., 2013b) . Vertical accretion and carbon accumulation rates were determined over the past ~50 as well as ~100 years.
Results
Bulk density, % organic carbon, total 210 Pb activity, 226 Ra activity, and excess 210 Pb activity, and corresponding error estimates are provided for each 2-cm core section in Appendix Table A1 . 210 Pb dating was successful for all but two cores, DF M1 and PF 1N (see Appendix for explanations regarding exclusion of these cores from the analysis). Mean peat characteristics for each core are shown in Table 1 .
Bulk density of peat in each of the three sites generally increased with increasing depth; however, the patterns within sites were somewhat different (Fig. 2) . At PF, decreases in bulk density toward the surface were similar among the three profiles, whereas at MMN, the bulk density values had high variability. In one MMN core (NE2), bulk density actually decreased from 20 to 30 cm of depth. At DF, bulk density increased only slightly for DF M1. The other two DF cores had large increases in bulk density from 25 to 30 cm. The mean bulk density of all Yosemite peat cores was 0.13 g cm -3 (sd = ±0.06). A single factor ANOVA comparing bulk densities across sites using core means was significant (p = 0.013). Post hoc, pairwise comparisons showed that bulk density was significantly greater at the highest elevation site (PF) than the lowest elevation site (DF) (p = 0.014, Bonferroni test).
The % organic carbon content at the three sites generally ranged from 23% to 53% (Fig. 3) . At PF, most organic carbon values ranged between 31% and 45%; however, one outlier in core PF 2W had an organic carbon content of 11% and a correspondingly high bulk density value of 0.49 g cm -3 (Fig. 2) , indicating that a large component of inorganic sediment was found in this interval. At DF, cores M1 and E3 were very similar in % organic carbon until 16 cm of depth. Deeper in the core profile (20-28 cm), cores W2 and E3 were quite similar (Fig. 3) . Core M1 had very little change with depth (range = ~40% to 45% organic carbon). A single factor ANOVA comparing % organic carbon across sites using core means showed no significant differences between sites (p = 0.071). fens (Chimner et al., 2010 ; Table 3 ). Yosemite peats appear to have a lower carbon content than rich fens in Alberta (Table 3 ). In addition, Yosemite peats have lower organic carbon densities (0.026 to 0.065 [mean = 0.046] g C cm -3 ; Table 1 , Fig. 4 ), than the global mean in the top 1 m of peat of 0.069 g C cm -3 for northern boreal and subarctic peatlands ( ] from Oechel [1989] ). Few estimates are available for recent rates of carbon accumulation in fens. In Table 3 , we only included estimates of carbon accumulation rates over the past 100 years, the period for which uncertainty in 210 Pb dating is generally considered to be acceptable (see methods). This led to the exclusion of some recent papers (e.g., Bao et al., 2011; Wang et al., 2012; Bao et al., 2014) because (1) the authors used the 210 Pb approach to date peat well beyond the ~100 year time frame and (2) the authors did not justify their results by including activity data (i.e., supported 210 Pb, excess 210 Pb, and 226 Ra with error estimates) and uncertainty analyses for dates attributed to the peat profile.
Recent rates of carbon accumulation in the Yosemite sites ranged from 63 to 120 g C m -2 yr -1 (mean = 95.4 [± 25.4] g C m -2 yr -2 ) over the 50-year period from ~1960 to 2011 and 54 to 100 g C m -2 yr -1 (mean = 74.7 [±17.2] g C m -2 yr -2 ) during the 100-year period from ~1910 to 2011 (Table 2 ). These rates are quite similar to the rates measured in rich fens by Adkinson et al. (2011) and Vitt et al. (2009) in Alberta, Canada, over similar time periods (Table 3 ). The rates in the Yosemite fens were lower than those in a poor fen studied by Adkinson et al. (2011) and the range of rates in the Yosemite fens were lower than the two fen-to-forest transects in central Saskatchewan studied by Bauer et al. (2009) (Table 3) . Mean vertical accretion rates in the Yosemite fens were 0.28 (0.09) and 0.18 (0.04) cm yr -1 during the 50-and 100-year periods, respectively ( Table 2 ). The ratios of the 50-year and 100-year rates ranged from 1.23 to 1.86, demonstrating that major changes, due to processes such as decomposition, consolidation, and compaction, occurred in the peat between the 50 year and 100 year mark (Table 2) . Few fen studies are available that include recent rates of vertical accretion. Vitt et al. (2009) reported a range of 0.32 to 0.66 cm yr -1 in three rich fens in central Alberta, Canada, over a 50-year period. In the Yosemite fens, vertical accretion rates had an inverse relationship with elevation (Fig. 5 ). Vertical accretion rates in peatlands typically depend on plant productivity (which is largely controlled by climate and plant community composition), the amount of sediment input, and the rate of decomposition (which is strongly influenced by the elevation of the water table) (Vitt et al., 2009; Cooper et al., 2012) . Without more data on the specific conditions at each site, particularly site hydrology, it is difficult to explain the reason for this pattern. An inverse relationship with elevation was not found for carbon accumulation rates, which were similar across all sites (Fig. 6 ).
This study demonstrates that Yosemite fens provide the important ecosystem service of carbon storage at rates similar to rich fens in western Canada. However, more studies are needed to understand whether these similarities hold up in a larger sample. In addition, further research is needed to determine whether montane peatlands, similar to several northern bogs and fens (Yu, 2012) have a positive net ecosystem carbon balance (NECB), which is defined as the balance between all sources of carbon inputs and all avenues of carbon loss, including emissions of CO 2 and CH 4 (Chapin et al., 2006) . Research on the NECB of montane fens could facilitate entry of fen restoration projects into emerging carbon markets. Such activities may be the financial catalyst needed to achieve better management of montane fens in the western United States, including expansion and improvement of habitat for sensitive species such as the federally threatened Yosemite toad. 
APPENDIX
